Abstract: Vertical and in-plane heterostructures based on van der Waals (vdW) crystals have drawn rapidly increasing attention owning to the extraordinary properties and significant application potential. However, current heterostructures are mainly limited to vdW crystals with a symmetrical hexagonal lattice, and the heterostructures made by asymmetric vdW crystals are rarely investigated at the moment. In this contribution, we report for the first time the synthesis of layered orthorhombic SnS-SnS x Se (1-x) core-shell heterostructures with well-defined geometry via a two-step thermal evaporation method.
illustrate the formation process of the heterostructures. In addition, a strong polarizationdependent photoresponse is found on the device fabricated using the as-prepared SnSSnS x Se (1-x) core-shell heterostructure, enabling the potential use of the heterostructures as functional components for optoelectronic devices featured with anisotropy.
Introduction
Heterostructures are important functional units for modern electronic and optoelectronic devices such as bipolar transistors, light-emitting diodes, laser diodes, and photovoltaic cells. [1] [2] [3] [4] They are formed by combining two or more materials with different band gaps.
With the thriving of two-dimensional (2D) layered materials, two types of heterostructures composed of van der Waals (vdW) crystals have recently attracted considerable attention, namely, vertical heterostructures and in-plane heterostructures. [5] [6] [7] [8] [9] [10] Generally, the former can be fabricated by vertically stacking different 2D layered materials on top of each other despite the existence of large lattice mismatch, such as the reported graphene-MoS 2 , [11, 12] graphene-WS 2 -graphene [13] and graphen-GaSe vertical heterostructures. [14] In contrast, the latter are made by laterally stitching different 2D layered materials, exampled as the graphene-BN, [15, 16] MoS 2 -WS 2 [17, 18] and MoSe 2 -WSe 2 in-plane heterostructures. [19] Despite the different configuration, there is a common feature among those heterostructures that they are all made of vdW crystals with a symmetrical hexagonal structure. However, heterostructures based on asymmetric layered materials, such as SnSe and SnS with an orthorhombic structure, are rarely investigated. It has been studied that IV-VI layered metal monochalcogenides can display a marked anisotropy in optical, electronic and thermoelectric properties. [20] [21] [22] [23] [24] For example, we have investigated orthorhombic SnS flakes using angle-resolved polarized Raman spectroscopy and found that they show a strong anisotropic Raman response, which can be used to determine the crystal orientation of SnS using Raman spectroscopy. [21] Additionally, Huang' group studied electrical properties of SnS and SnSe, and found that they have anisotropic electrical conductivities due to the different effective masses of holes and electrons along a, b and c axes. [23] In this regard, synthesis of heterostructures composed of asymmetric vdW components is highly desirable. Thus heterostructures may offer unprecedented opportunities to explore new properties and develop novel functional devices unachievable using the conventional materials with a symmetrical structure.
In this paper, we report the epitaxial growth of orthorhombic SnS-SnS x Se (1-x) core-shell heterostructures using a two-step PVD method. Structural characterizations such as X-ray diffraction (XRD) and transmission electron microscopy (TEM) were utilized to investigate the crystal structure of the products and the epitaxial relationship between the SnS x Se (1-x) shell and the SnS core flake. It was found that the SnS-SnS x Se (1-x) core-shell heterostructure is an integration of vertical heterostructure and in-plane heterostructure, which consists of SnS flake with SnS x Se (1-x) shell heteroepitaxially growing on/around it.
A growth model was proposed to illustrate the formation process of the layered SnSSnS x Se (1-x) core-shell heterostructures, which involves heteroepitaxial growth, sulphur diffusion, as well as thermal evaporation thinning processes. In addition, photodetector made by the SnS-SnS x Se (1-x) core-shell heterostructures exhibited a strong anisotropic photoresponse due to the structural characteristic of orthorhombic crystals, enabling the potential use of the heterostructures as building blocks for new functional optoelectronic devices.
Results and Discussion
Layered SnS-SnS x Se (1-x) core-shell heterostructures were synthesized using a simple two-step PVD method. Firstly, large-scale 2D SnS flakes were grown on fluorophlogopite mica substrates. [21] Optical image ( Figure S1a ) and AFM image ( Figure S1b The product obtained in the second deposition process was firstly characterized using optical microscopy and scanning electron microscopy (SEM), as shown in Figure 1b can be clearly observed in the Raman spectrum collected from region A. The Raman peak at 160.1cm
corresponds to the B 3g Raman mode of SnS, and the other three peaks belong to the A g modes of SnS. [25] For Raman spectrum collected from the region B, both of the Raman peaks at 126.4 cm -1 and 145 cm −1 can be attributed to the A g modes of SnSe, and the peak at 189.5 cm
is related to the A g mode of SnS. [25, 26] Raman intensity maps of 189.5 cm Energy dispersive X-ray spectroscopy (EDX) in scanning transmission electron microscopy (STEM) mode was used to probe the composition of the product. fact, it has been reported that S-Se exchange is an effective method to obtain alloys and heterostructures, and the thermal thinning can be used to prepare ultrathin 2D layered materials. [27] [28] [29] [30] [31] In a word, the as-grown flakes can be regarded as a combination of lateral and vertical heterostructures of SnS-SnS x Se (1-x) . To make it simple, we name them as SnS-SnS x Se (1-x) core-shell heterostructures. show the morphologies of the flakes grown at different stages. Unlike those conventional heterostructures which can be categorized as either vertical or in-plane heterostructures, the achieved SnS-SnS x Se (1-x) core-shell heterostructures in the current work can be considered as a mixture of the lateral and vertical heterostructures. [33] [34] [35] [36] This special architecture may enable an effective utilization of the building block by providing more junction regions. In particular, the anisotropic layered orthorhombic crystal structure of the heterostructures may offer us new opportunities to develop novel devices based on the anisotropy. Next, the optoelectronic properties of the SnS-SnS x Se (1-x) core-shell heterostructures were investigated. After a small part of the shell of the heterostructure was cut to get a gap using focused helium ion beam in a helium ion microscope (HIM) system, Pt electrodes were formed via HIM to connect the core and the shell, respectively. Just as displayed in Figure 5a , a twoelectrode photodetector based on a SnS-SnS x Se (1-x) core-shell heterostructure was obtained. have been observed in n-n type heterostructures of InAs-Ge and GaAs-Ge. [37, 38] In addition, the large dark current indicates the presence of a high doping concentration in the SnS-SnS x Se (1-x) core-shell heterostructure, which may be attributed to the formation of massive Sn vacancies during the PVD growth. [39, 40] Under the 532 nm laser illumination, the photocurrent (I ph = I illuminated -I dark ) increases gradually as the light intensity varies from 2 to 26 mW/cm 2 , suggesting a good photoresponse of this device. The dependence of photocurrent I ph to light intensity P is plotted in Figure 5c . By fitting the experimental data, the photocurrent I ph can be expressed using the power-law equations I ph ∝ P 0.61 (positive 7V) and I ph ∝ P 0.79 (negative 7V), respectively. [41] The deviation from the ideal slope implies the loss of light energy during the conversion from external light energy to current, which maybe results from the high concentration of vacancies in the heterostructure. [39, 42] To explore the anisotropic property of the SnS-SnS x Se (1-x) core-shell heterostructures, polarization-dependent photoresponse measurements were also performed. Figure 5d anisotropy in Raman response, electrical transport and thermal conductivity due to the anisotropic crystal structure. [21] [22] [23] In our case, both SnS and SnS x Se (1-x) have an orthorhombic crystal structure, therefore, it is logical to speculate that the anisotropic photoresponse of the device should be a result of the anisotropic orthorhombic structure of SnS and SnS x Se (1-x) .
Conclusion
Layered SnS-SnS x Se (1-x) core-shell heterostructures have been synthesized on mica substrate by depositing SnSe on the pre-grown SnS flakes using a simple two-step PVD method. The SnS x Se (1-x) was found to heteroepitaxially grow on/around the SnS flake.
The epitaxial relationship was identified to be (303) SnS //(033) SnSxSe(1-x) ,
[010] SnS //[100] SnSxSe (1-x) . The presence of S in the exitaxial layer is because of the diffusion of S from SnS driven by a thermal dynamic process. A possible growth mechanism containing heteroepitaxial growth, atomic diffusion and thermal evaporation thinning was proposed to illustrate the formation process of the layered SnS-SnS x Se (1-x) core-shell heterostructures. Furthermore, a two-electrode photodetector based on the SnSSnS x Se (1-x) core-shell heterostructures was fabricated and the device showed a strong anisotropic photoresponse, which makes the heterostructure a promising candidate for developing novel functional optoelectronic devices.
Experimental Section
Synthesis of 2D SnS flakes: 2D SnS flakes were synthesized by evaporation of solid SnS powder precursor in a one-inch-diameter quartz heated by a high-temperature horizontal tube furnace. In a typical growth, a ceramic boat containing 0.1 g SnS powder was placed at the heating zone center of the tube furnace. A few newly cleaved fluorophlogopite mica sheets were adopted as the receiving substrates and put downstream with a distance of about 8-20 cm from the heating zone center. The furnace chamber was pumped down to expel the air and then filled with high-purity Ar gas to the pressure of about 80 Torr. Next, the furnace was heated to 700 °C with a rate of 20 °C/min and kept for 10 minutes. The furnace was naturally cooled back to room temperature. In the whole process, Ar gas was used as the carrier gas with a flow rate of 60 sccm. (1-x) core-shell heterostructures: SnS-SnS x Se (1-x) core-shell heterostructures were synthesized by evaporation of solid SnSe powder precursor in the same furnace. In a typical growth, a ceramic boat containing 0.1 g SnSe powder was put at the heating zone center of the tube furnace. A few mica sheets with SnS flakes were used as the depositing substrates and put downstream with a distance of about 8-20 cm from the heating zone center. The furnace chamber was pumped down to expel the air and then filled with high-purity Ar gas to the pressure of about 80 Torr. Next, the furnace was heated to 740 °C with a rate of 20 °C/min and kept for 15 minutes before it was naturally cooled back to room temperature. In the whole process, Ar gas was used as the carrier gas with a flow rate of 60 sccm. Device fabrication and measurements: Photodetector based on the SnS-SnS x Se (1-x) core-shell heterostructure was directly fabricated on the mica substrates. In brief, coarse electrodes were made using a shadow mask method and Pt contacts were obtained in a helium ion microscope (Carl Zeiss ORION NanoFab with three beam system). The device was annealed at 200 ℃ for 2 h in Ar atmosphere to reduce resistance. Photoresponse measurements were carried out using a Lakeshore probe station and a Keithley-4200 SCS semiconductor parameter analyser under atmosphere environment. A 532 nm laser was adopted for the illumination. A laser attenuator and a laser power meter were used to get different intensities of the incident beam. To obtain different polarized irradiation, a half-wave plate was inserted into the optical path and rotated while remaining the light intensity unchanged.
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